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Description 
SERIES ARC DETECTION 

Background of Invention 

[0001] This invention is generally related to circuit interruption, 
and, more particularly, this invention is related to detect- 
ing series arcing in an arc fault circuit interrupter. 

[0002] Arcing is the luminous discharge of electricity across an 
insulating medium, usually accompanied by the partial 
volatilization of the electrodes. Arcing faults in ac electri- 
cal systems are of two types: parallel arcs and series arcs. 
In a parallel arcing fault, the arc occurs across two con- 
ductors in the branch circuit or extension cords plugged 
into it, at a site where the insulating media separating the 
two conductors has been compromised. The arc may oc- 
cur across the line and neutral conductors or the line and 
ground conductors, or in the case of reverse polarity 
where the line voltage is reverse polarized, between the 
neutral and ground conductors. The current through the 
parallel arc fault is not limited by the impedance of the 
load, but rather by the available current from the supply 



established by the impedance of the conductors and ter- 
minals between the source of line voltage and the position 
of the parallel fault, that is, the conductive members car- 
rying the fault current. Parallel arcing faults can draw con- 
siderable current but usually below the pick-up current of 
the typical circuit breaker. They also tend to be intermit- 
tent because of the repulsion forces generated by the cur- 
rent of the arc tends to temporarily separate the conduc- 
tors and extinguish the arc. Thus, parallel arcs are some- 
times also referred to as sputtering arcs. 
[0003] Series arcing involves an opening or disconnect in a wire 
or conductor carrying current which allows arcing to occur 
between one end of the disconnect to the other end. Se- 
ries arc faults may thus exist when the arc occurs across a 
break in the line or neutral conductors or at a loose termi- 
nal in a branch circuit of a distribution network. The con- 
ductors are carrying current to a load derived from the 
line voltage. The arc could likewise occur as a break or at 
a loose terminal associated with an extension cord deriv- 
ing power from line voltage, thereby completing the cir- 
cuit to the load. Since the current through the series arc 
fault is limited by the impedance of the load itself, and 
since the fault is in series with the load, the fault is known 



as a series arc fault. 

[0004] FIG. 1 shows how the current in a series arc circuit 110 
must bridge or arc across an open path 118. Line and 
neutral conductors 114, 116 as well as the outer insula- 
tion 112, 119 are further shown in FIG. 1. The outer insu- 
lation 119 is shown as expanding, prior to rupturing, 
which may allow the arcing to contact external material 
which may cause damage. 

[0005] p r j or ar t methods and apparatus of detecting parallel arc- 
ing faults have proven successful. However, lower level 
arcs in series with a load may be beyond the capabilities 
of those techniques. Prior art circuit interrupters do not 
differentiate the frequency content change between 
switching loads such as drills, hair dryers, and air com- 
pressors and those with series arcs. Series arcing faults 
typically create currents with low root mean square 
("RMS") value, which is below the thermal thresholds for 
such circuit breakers. Even so, such arcs may cause dam- 
age or start a fire if they occur near combustible material. 
There are problems associated with merely increasing the 
sensitivity of prior techniques. For example, at increased 
sensitivities, there may be more loads and combinations 
of loads that can produce false trips. 



Summary of Invention 

[0006] Disclosed herein is a frequency harmonic identifier system 
for a circuit interrupter, the system including a frequency 
analyzer for receiving an input signal and providing an 
output representing a tested signal, a storage area con- 
taining at least one reference signal band, and a decision 
logic, wherein the decision logic compares the tested sig- 
nal to the at least one reference signal band for determin- 
ing if the tested signal is a series arc signal or a load. 

[0007] | n other embodiments, a circuit interrupter with series arc 
detection capability includes a pair of separable contacts 
for interrupting a circuit, a frequency harmonic identifier 
system having a frequency analyzer for receiving an input 
signal and providing an output representing a tested sig- 
nal, a storage area containing at least one reference signal 
band, and a decision logic, wherein the decision logic 
compares the tested signal to the at least one reference 
signal band for determining if the tested signal is a series 
arc signal or a load, and wherein a trip signal is sent from 
the frequency harmonic identifier if the tested signal is 
determined by the decision logic to be a series arc signal, 
and wherein the pair of separable contacts are separated 
after issuance of the trip signal. 



[0008] | n other embodiments, a method for detecting series arcs 
in a circuit interrupter includes sensing current on a 
power line and providing a sensed current signal as an in- 
put signal to a frequency harmonic identifier, performing 
a Fast Fourier Transform on the input signal and selecting 
bands of the Fast Fourier Transform input signal for pro- 
viding tested signal bands, accessing a storage area stor- 
ing at least one reference signal band, comparing the 
tested signal bands to the at least one reference signal 
band and determining if the input signal is a series arc 
signal through comparison and, if the input signal is a se- 
ries arc signal, sending a trip signal. 

[0009] | n other embodiments, a storage medium encoded with 
machine-readable computer program code for detecting 
series arcs on a power line, the storage medium including 
instructions for causing a computer to implement a 
method including sensing current on a power line and 
providing a sensed current signal as an input signal to a 
frequency harmonic identifier, performing a Fast Fourier 
Transform on the input signal and selecting bands of the 
Fast Fourier Transform input signal for providing tested 
signal bands, accessing a storage area storing at least one 
reference signal band, comparing the tested signal bands 



to the at least one reference signal band and determining 
if the input signal is a series arc signal through compari- 
son and, if the input signal is a series arc signal, sending a 
trip signal. 

[0010] The above described and other features are exemplified 

by the following figures and detailed description. 
Brief Description of Drawings 

[001 1] Referring now to the FIGS., which are exemplary embodi- 
ments, and wherein the like elements are numbered alike: 

[0012] FIG. 1 is a cross-sectional and diagrammatic view of a se- 
ries arc circuit; 

[0013] FIG. 2 is a front plan view of a circuit breaker containing a 
thermal-magnetic trip unit according to the prior art; 

[0014] FIG. 3 is a top perspective view of the circuit breaker of 

FIG. 2 with the arcing fault module of the invention in iso- 
metric projection; 

[0015] FIG. 4 is a rear plan view of the arcing fault module of FIG. 
3 attached to the circuit breaker of FIG. 3; 

[0016] FIG. 5 is a block diagram of a frequency harmonic identi- 
fier; 

[OO 17 ] FIG. 6 is an FFT plot of a drill load; 

[0018] FIG. 7 is an FFT plot of a compressor load; 



[0019] FIG. 8 is an FFT plot of current drawn by a 20A resistive 
load; and, 

[0020] FIG. 9 is an FFT plot of a series arc signal. 
Detailed Description 

[0021] The system disclosed herein detects series arcing by ana- 
lyzing the frequency content of the sensed current in a 
power line. 

[0022] a circuit breaker 10 having an externally operated handle 
9 is shown in FIG. 2 and may include a molded plastic 
case 11. The circuit current transfers from the load termi- 
nal lug 12, thermal magnetic trip unit 14, fixed and 
moveable contacts 22, 21 to the line terminal stab 13. The 
thermal-magnetic trip unit includes a magnet 15 and ar- 
mature 16 that are arranged for operation upon occur- 
rence of so called "short circuit" and short time" fault con- 
ditions within the protected circuit. "Long time" overcur- 
rent protection may be provided by means of a bimetal 
17. The operating cradle 18 may interact with armature 
15 to hold the contacts from being separated by the bias 
provided by the operating spring 19. 

[0023] An exemplary combined arcing fault and circuit breaker 
unit 30 is shown in FIGS. 3 and 4 and may be formed by 



attaching a case 23 of an arcing fault module 20 to the 
case 11 of a circuit breaker 10 by means of rivets 21 and 
apertures 29, as indicated. Alternatively, the circuit 
breaker may be made in a unitary case as an arc fault cir- 
cuit interrupter, which would function in a similar manner 
as the exemplary combined arcing fault and circuit 
breaker unit 30. The arcing fault module 20 may include 
an air core sensing transformer 25. The input current on 
the load lug 12 may be applied to a wire conductor 8 
which passes through an aperture 26 in the air core sens- 
ing transformer 25. A printed wire board 24 containing an 
arcing fault sensing circuit may be used. The trip solenoid 
27 may project a trip armature 28 into contact with the 
circuit breaker operating cradle 18 to separate the circuit 
breaker contacts 22, 21 independent of the circuit breaker 
trip unit 14. Electrical connection with the associated 
electric circuit may be made by means of the line terminal 
stab 13 and the ON-OFF state of the contacts is controlled 
by the operating handle 9. 
[0024] FIG. 5 shows an exemplary block diagram of a frequency 
harmonic identifier 50 and defines portions of a series 
arcing fault detection circuit. The components within the 
series arcing fault detection circuit may be contained 



within the printed wire board 24 such as shown in FIG. 3. 
In order to detect series arcs, the current on a power line 
should be sensed using a current sensor or shunt resistor 
48. The current sensor or shunt resistor 48 may be em- 
ployed in addition to the air core sensing transformer 25 
of FIG. 3. The identifier 50 may be implemented in several 
technologies like microprocessors or Micro-Elec- 
tro-Mechanical Systems ("MEMS"). As shown in FIG. 5, the 
sensed current may enter the frequency harmonic identi- 
fier 50 as an input signal 52 where the frequency re- 
sponse of the signal 52 will be generated by passing the 
input signal 52 through a frequency analyzer 54. First the 
Fast Fourier Transform "FFT" 40 of the input signal 52 is 
taken, and then the FFT 40 of the input signal 52 is bro- 
ken up into different bands using a band selector 42 
within the frequency analyzer 54. The different bands 44 
of the frequency analyzed signal are represented within a 
decision logic 56 as Band 1, Band 2, Band N, where N 
represents the total number of different bands that the 
band selector 42 divided the FFT 40 of the input signal 
52. It would be within the scope of the system for N to be 
any number suitable for comparison to N bands of a ref- 
erence signal. The identifier 50 may use the magnitude of 



the frequency response, from an output of the frequency 
analyzer 54, in order to determine the highest magnitude 
harmonics within various frequency bands. Based on the 
harmonics, the frequency harmonics identifier 50 will de- 
termine, using decision logic 56, if the signal 52 is from 
series arcing or if it is due to a powered load. The identi- 
fier 50 can make this determination because series arcing 
has a different harmonic content than other loads. The 
decision logic 56 may compare the output of the fre- 
quency analyzer 54 with reference signal bands 58. The 
reference signal bands 58 are represented within the de- 
cision logic 56 as Reference Signal Band 1, Reference Sig- 
nal Band 2, Reference Signal Band N, where N repre- 
sents the total number of different bands, which may be 
the same number N that the band selector 42 divided the 
FFT 40 of the input signal 52. Since the reference signals 
bands 58 may be stored in memory, the number N for the 
band selector 42 may be dictated by the particular num- 
ber of reference signal bands 58 that are stored. The ref- 
erence signal bands 58 may be from any number of com- 
mon loads that might be encountered by the circuit inter- 
rupter. While only one set of reference signal bands 58 is 
shown, it should be understood that any number of sets 



of reference signal bands, such as those representing al- 
ternate loads, could be included for similar comparisons 
to the frequency analyzed input signal. It should be fur- 
ther noted that what may be stored in memory need not 
be an exact reference signal, but instead a range that a 
reference signal will fall in. 

[0025] As shown in the decision logic 56, each of the bands 44 
from the band selector 42 is compared to the stored ref- 
erence signal bands 58. Band 1 from the input signal 52 is 
compared to the stored reference signal band 1 as 
demonstrated by block 32. Similarly, Band 2 from the in- 
put signal 52 is compared to the stored reference signal 
band 2 as demonstrated by block 34 and Band N from the 
input signal 52 is compared to the stored reference signal 
band N as demonstrated by block 36. Any number of 
comparisons may be made in between, depending on the 
number N of bands 44 and 58. 

[0026] The bands 44 and the reference signal bands 58 will ei- 
ther match, such as a match within a certain range, or will 
not match. After all of the comparisons are made, such as 
in blocks 32, 34, 36, the results may be passed through 
an AND gate 38. In one of the embodiments, if all of the 
comparisons match, then the decision logic 56 determines 



that the input signal 52 is actually a common load, and 
then the circuit interrupt decision made at block 60 would 
be to not interrupt the circuit. If, however, the decision 
logic 56 determines, such as through one of the compari- 
son blocks 32, 34, 36, that one of the bands 44 is not 
similar to one of the respective reference signal bands 58, 
then the circuit interrupt decision made at block 60 would 
be to interrupt the circuit and a trip signal may be sent to 
the trip solenoid 27 to project the trip armature 28 into 
contact with the circuit breaker operating cradle 18 to 
separate the circuit breaker contacts 22, 21. Since there 
may be more than one set of reference signal bands 58 
stored for use by the decision logic 56, a similar set of 
comparisons may be made comparing the set of bands 44 
to each of the different sets of reference signal bands 58. 
That is, even if the bands 44 do not match the bands of 
one set of reference signal bands 58, the bands 44 may 
match a different set of reference signal bands 58, in 
which case a trip signal would not be sent since the deci- 
sion logic 56 would determine that the input signal 52 is 
actually a common load. 
[0027] Thus, the input signal 52 is compared to the ranges that a 
particular reference signal will fall in. The highest magni- 



tude at a particular frequency in each band 44 of the FFT 
input signal 40 is compared to the corresponding band 58 
of a reference signal. It should be noted that the whole of 
the reference signal need not be compared, just the range 
where the reference signal will be present at a particular 
frequency. If an input signal 52 is outside a reference sig- 
nal's range, then that signal is not in that reference sig- 
nal's category. 

[0028] | n the plots shown in FIGS. 6-9, the Fast Fourier Trans- 
forms ("FFT") of several loads are shown in order to com- 
pare the difference in each signal's frequency content. The 
variation in frequency content is what the identifier 50, 
within decision logic 56, will use to distinguish between 
series arcing and the current drawn by different loads. 
The FFT plots show that each load produces a different 
harmonic content. By classifying common loads for refer- 
ence signal bands 58, the frequency harmonic identifier 
50 may be designed to recognize series arcing versus nui- 
sance loads. 

[0029] it should be understood that there may be any number of 
sets of reference signal bands 58, including more than 
what is shown in FIGS. 6-8, and that these reference sig- 
nal bands 58 may come from a variety of loads including 



those not specifically disclosed herein. In any case, these 
reference signal bands 58 should indicate loads which do 
not reflect the same harmonic content as series arcing. 

[0030] As shown in FIG. 6, an exemplary FFT plot 70 of a drill 

load is shown. The FFT plot 70 plots the frequency in Hz 
72 versus amplitude in dB 74. The FFT plot 70 may in- 
clude some identifiable frequency components, such as, 
but not limited to component 76, which may otherwise be 
mistaken for series arcing, but since it may be classified 
as a reference signal band 58, an input signal 52 having 
the same or similar frequency components as shown by 
plot 70 will result in a negative circuit interrupt decision, 
that is, the circuit will not be interrupted. 

[0031] As shown in FIG. 7, an exemplary FFT plot 80 of a com- 
pressor load is shown. The FFT plot 80 plots the fre- 
quency in Hz 72 versus amplitude in dB 74. The FFT plot 
80 may include some identifiable frequency components, 
such as, but not limited to component 82, which may oth- 
erwise be mistaken for series arcing, but since it is classi- 
fied as a reference signal band 58, an input signal 52 hav- 
ing the same or similar frequency components as shown 
by plot 80 will result in a negative circuit interrupt deci- 
sion, that is, the circuit will not be interrupted. 



[0032] a s shown in FIG. 8, an exemplary FFT plot 90 of current 
drawn by a 20 A resistive load is shown. The FFT plot 90 
plots the frequency in Hz 72 versus amplitude in dB 74. 
The FFT plot 90 may include some identifiable frequency 
components, such as, but not limited to component 92, 
which may otherwise be mistaken for series arcing, but 
since it is classified as a reference signal band 58, an in- 
put signal 52 having the same or similar frequency com- 
ponents as shown by plot 90 will result in a negative cir- 
cuit interrupt decision, that is, the circuit will not be inter- 
rupted. 

[0033] As shown in FIG. 9, an exemplary FFT plot 100 of an ex- 
emplary series arc signal is shown. The FFT plot 100 plots 
the frequency in Hz 72 versus amplitude in dB 74. The FFT 
plot 100 may include some identifiable frequency compo- 
nents, such as, but not limited to component 102, which 
may be indicative of series arcing. Moreover, when this 
signal, from input signal 52 is compared to the library of 
reference signal bands 58, none of the reference signal 
bands 58 contain the same or similar component 102, as 
well as other components, not specifically enumerated 
within the FFT plot 100, which distinguishes the signal 52 
as a series arc signal rather than a load represented by 



anyone of the reference signal bands 58. Once it is deter- 
mined by the decision logic 56 that the signal 52 is a se- 
ries arc signal rather than a representative load stored as 
a set of reference signal bands 58, a positive circuit inter- 
rupt decision is made at block 60, that is, the circuit will 
be interrupted. 

[0034] | n alternate embodiments, it may be within the scope of 
this system to provide exemplary series arc signals within 
the reference signals 58 such that when the tested signal 
52 is compared to the referenced series arc signal, the 
same positive circuit interrupt decision is made. In such a 
case, the gate 38 may be an OR gate since any determina- 
tion that an input signal 52 matches a set of reference 
signal bands 58 which represent a series arc signal, a trip 
signal should be sent. 

[0035] Thus, a method for detecting series arcs on a power line 
includes sensing current on a power line and providing a 
sensed current signal as an input signal 52 to a frequency 
harmonic identifier 50, performing a Fast Fourier Trans- 
form 40 on the input signal 52 for providing a tested sig- 
nal, accessing a storage area storing at least one refer- 
ence signal band 58, comparing at least one band of the 
tested signal to at least one band of the at least one refer- 



ence signal band 58 and determining if the tested signal 
52 is a series arc signal through comparison and, if the 
tested signal is a series arc signal, sending a trip signal. 
[0036] a software application, or other storage medium encoded 
with machine-readable computer program code including 
instructions for causing a computer to implement a 
method, may be utilized that will read a sampled load sig- 
nal 52 and perform a FFT on the signal 52, via the fre- 
quency analyzer 54. With the FFT output, a technical con- 
tribution for the disclosed application and system is that 
the identifier 50 can determine the frequencies associated 
with the highest order magnitudes and such information 
may be utilized within decision logic 56 as described 
above. 

[0037] This system can be embodied in the form of computer- 
implemented processes and apparatuses for practicing 
those processes. This system can also be embodied in the 
form of computer program code containing instructions 
embodied in tangible media, such as floppy diskettes, 
CD-ROMs, hard drives, or any other computer-readable 
storage medium, wherein, when the computer program 
code is loaded into and executed by a computer, the com- 
puter becomes an apparatus for practicing the invention. 



This system can also be embodied in the form of com- 
puter program code, for example, whether stored in a 
storage medium, loaded into and/or executed by a com- 
puter, or transmitted over some transmission medium, 
such as over electrical wiring or cabling, through fiber op- 
tics, or via electromagnetic radiation or other wireless 
means of transmission and communication, wherein, 
when the computer program code is loaded into and exe- 
cuted by a computer, the computer becomes an apparatus 
for practicing the invention. When implemented on a gen- 
eral-purpose microprocessor, the computer program code 
segments configure the microprocessor to create specific 
logic circuits. 

[0038] while the invention has been described with reference to 
an exemplary embodiment, it will be understood by those 
skilled in the art that various changes may be made and 
equivalents may be substituted for elements thereof with- 
out departing from the scope of the invention. In addition, 
many modifications may be made to adapt a particular 
situation or material to the teachings of the invention 
without departing from the essential scope thereof. 
Therefore, it is intended that the invention not be limited 
to the particular embodiment disclosed as the best mode 



contemplated for carrying out this invention, but that the 
invention will include all embodiments falling within the 
scope of the appended claims. Moreover, the use of the 
terms first, second, etc. do not denote any order or im- 
portance, but rather the terms first, second, etc. are used 
to distinguish one element from another. 



